The aim of this study was to evaluate if prostate-specific membrane antigen (PSMA) positron emission tomography/computed tomography (PET/CT) has a higher detection rate compared to standard contrast CT imaging for patients with a rising prostate-specific antigen (PSA) following definitive treatment (i.e., curative radical prostatectomy, radiotherapy, and brachytherapy) for prostate cancer in a private hospital setting. A retrospective single-site clinical audit was conducted on 150 PSMA PET/CT scans done for patients with a rising PSA after definitive treatment for prostate cancer. All studies were performed using I and T Ga-68 PSMA produced on a Scintomics radiopharmaceutical unit (Munich). All scans were performed on a GE 710 PET/CT scanner. All studies were compared to standard CT and other imaging. Of the 150 patients who had a 68 Gallium (Ga)-PSMA PET/CT for a rise in their PSA levels, 102/150 (68%) of patients had PSMA-avid scans compared to the conventional imaging group which had an overall detection rate of 42% (63/150). The rates of detection were 100%, 90%, 92%, 67%, and 25% at PSA levels of >10 µg/L, 5-10 µg/L, >1.5 µg/L, 0.5-1.5 µg/L, and <0.5 µg/L, respectively. PSMA PET/CT also solely picked up 39/102 (38%) of prostate cancer relapses compared to the conventional imaging group. In our study of 150 patients with biochemical recurrence of prostate cancer, 68 Ga-PSMA PET/CT demonstrated a superior detection rate (P < 0.05) compared to conventional imaging, including patients with low PSA levels (<0.5 µg/L).
INTRODUCTION
Prostate cancer is a major and growing health issue in Australia. It is the most commonly diagnosed cancer in males and is estimated to become the third most commonly diagnosed malignancy in Australia, after breast and colorectal cancers. [1] The estimated number of new cases of prostate cancer diagnosed in Australia in 2017 is 16,665 cases, while the projected percentage of prostate cancer in all new male cancer cases in 2017 is 23.1%. [1] Of patients with treated primary prostate cancer, it is estimated that 35% develop relapse within 10 years. [2] From the group of patients who develop biochemical recurrence, 30% will go on to develop radiographic evidence of metastatic disease within 8 years Gallium-68 prostate-specific membrane antigen positron emission tomography/computed tomography compared with diagnostic computed tomography in relapsed prostate cancer Ga from the time of prostate-specific antigen (PSA) elevation. [3] This is more common in patients who present with high-grade disease (Gleason 8+) [4] or have a positive surgical margin following prostatectomy. [5] With new imaging modalities such as positron emission tomography (PET) and magnetic resonance imaging (MRI), there is emerging evidence that the disease may be more widespread at diagnosis than originally suspected. [6] [7] [8] 
68
Gallium (Ga)-PSMA PET/computed tomography (CT) is a PET molecular imaging technique, which targets prostate-specific membrane antigen (PSMA), a cell surface target that is highly expressed by nearly all prostate cancer cells when compared to nonmalignant conditions such as benign prostatic hyperplasia. [9] There have been a few studies which have shown Ga-PSMA hybrid imaging with PET/CT, which combines anatomical and functional aspects and has a higher metastatic detection rate in biochemical recurrence of prostate cancer. [10] [11] [12] [13] This has resulted in patients not only being able to receive treatment earlier, but also having more targeted treatment to the site of recurrence. [14, 15] The aim of this study was to evaluate if PSMA PET/computed tomography (CT) has a higher detection rate compared to standard contrast CT imaging for patients with a rising PSA following definitive treatment (i.e. curative radical prostatectomy, radiotherapy, and brachytherapy) for prostate cancer in a private hospital setting.
MATERIALS AND METHODS
A retrospective analysis was done on patients who had a 68 Ga-PSMA PET/CT scan from May 2015 to April 2016 for a rising PSA after definitive treatment for prostate cancer. Patients were selected from the Oceanic Molecular Ga-68 PSMA PACS database. All patients had given written consent to data being utilized for research and audit purposes. Studies were performed using I and T, 68 Ga-PSMA produced on a Scintomics radiopharmaceutical unit (Munich). All scans were performed on a GE 710 PET CT scanner and compared to whole-body diagnostic CT at the time of PET imaging.
Imaging 68 Ga-labeled 1,4,7,10-tetraazacyclododecane-1-(glutamic acid)-4,7,10-triacetic acid-conjugated 68 Ga-PSMA-I&T (here with referred to as 68 Ga-PSMA-I&T) was produced by a qualified radiochemist in an in-hospital laboratory, operating under good laboratory practice conditions, using a Scintomics ® (Munich, Germany) radiopharmaceutical synthesis unit. Quality control of the 68 Ga-PSMA-I&T product was performed by thin-layer and high-performance liquid chromatography according to methods developed by others and described elsewhere. [16] All patients were fasted for a minimum of 2 h prior to administration of radiopharmaceutical. The 68 Ga-PSMA-I&T was administered to patients via an intravenous bolus with an average activity of 180 MBq (±25%). The variation in injected tracer activity was due to the variable elution activities and efficiencies during the lifetime of the 68 Ge/ 68 Ga generator. No patient was administered <120 MBq of 68 Ga-PSMA-I&T. PET acquisition was started after a mean uptake time of 45 min. All patients underwent a PET/CT scan on a GE Discovery 710 scanner (USA). All patients underwent a diagnostic CT of the abdomen and pelvis first after intravenous contrast. Total acquisition time was between 20 and 30 min with 3-min and 4-min bed positions for whole body and local images, respectively. CT acquisition parameters were as follows: helical, 100, 120, or 140 keV depending on patient morphology; coverage speed: 110 mm/s; pitch: speed: 1.375: 1/55; and rotation time 0.5 s.
The PET reconstruction methodology was as follows: Iterative using time of flight (GE VUE Point FX); three iterations, 18 subsets with the filter cutoff set at 6.4; a standard z-axis filter; 256 matrix; and measured attenuated correction and nonattenuated correction reconstructions.
Some patients had a delayed pelvic PET/CT scan when high urinary retention of 68 Ga-PSMA-I&T was present in initial images. All images were read and reported by an experienced PET radiologist with over 10 years' experience in reporting PET and with specific training in 68 Ga-PSMA PET/CT reporting. Subjective analysis and correlation with anatomical imaging was carried out to determine whether PSMA-avid disease was present.
Lesions that were visually considered as suggestive for relapses or bony metastases of prostate cancer were counted and analyzed with respect to their PSMA avidity, with visual analysis being used with the bladder as the reference for most intense PSMA uptake. There was no cutoff value of SUV max used, as the values were found to be very variable. Equivocal results were reviewed by a second experienced nuclear physician with training in 68 Ga-PSMA PET/CT, who was blinded from the report by the 1 st reviewer. Correlative diagnostic CT was available for all studies, with a lymph node being considered positive for a nodal metastasis, when it was larger than 10 mm. Bone scintigraphy images were also available for comparison where relevant.
RESULTS
The mean age of patients in this study was 68.5 years, with a range of 45-84 years. The average PSA for the seventy patients was 9.22 ng/ml, ranging from 0.04 to 256 ng/ml. The detection rates for PSMA PET/CT and contrast diagnostic CT based on PSA levels are shown in Table 1 . For statistical analysis of different parameters, a Chi-square test was used and a P < 0.05 was considered statistically significant.
Of the 150 patients who had a 68 Ga-PSMA PET/CT for a rise in their PSA levels, 102/150 (68%) of patients had PSMA-avid scans compared to the diagnostic CT group which had an overall detection rate of 42% (63/150). In terms of PSA levels, the patients who has a 68 Ga-PSMA PET/CT for PSA levels of <0.5 ug/L, only 11/44 (25%) of patients had a positive scan. The detection rate for PSA levels below 0.5 µg/L in conventional imaging group was 2/44 (5%) (P = 0.0017, 95% confidence interval [CI]: 7.7929-38.4637). For patients with a PSA level between 0.5 and 1.5 µg/L, 68 Ga-PSMA PET/CT detected 18/27 (67%) patients with disease and conventional imaging detection rate for PSA levels between <0.5-1.5 µg/L was 11/27 (41%) (P = 0.0576, 95%, CI: 3.04-50.87). For patients with PSA >1.5 µg/L, 68 Ga-PSMA PET/CT detected 73/79 (92%) and conventional imaging detected 50/79 (63%) of recurrences (P < 0.0001, 95% CI: 15.53-41.60).
For patients who had a PSA between 5 and 10 ug/L, 68 Ga-PSMA PET/CT detected 19/21 (90%), while conventional imaging detected 12/21 (57%) of recurrences (P = 0.0167, 95% CI: 3.26-57.68).
In the group of patients with a PSA >10 ug/L, 68 Ga-PSMA PET/CT detected 30/30 (100%), while conventional imaging detected 18/30 (60%) of recurrences (P = 0.0001, 95% CI: 19.15-59.39).
PSMA PET/CT had a higher detection rate compared to conventional imaging, with 39/102 (38%) of prostate cancer relapses being solely picked up on PSMA PET/CT.
The smallest PSMA-avid lymph node detected was 5 mm, while the lowest PSA level in which the PSMA PET/CT showed recurrence of disease was 0.34 µg/L.
Detection rates for PSMA PET/CT compared to diagnostic CT for PSA levels of <0.5 µg/L, 0.5-1.5 ug/L, and >1.5 ug/L were found to favor PSMA PET/CT at all PSA levels [ Figure 1 ].
PSMA PET was found to be superior in its detection of disease recurrence postprostatectomy compared to conventional CT resulting in salvage radiotherapy to the prostatic bed [ Figure 2 ]. This was also mirrored in another case study where PSMA PET allowed detection of disease activity with rising PSA levels postdefinitive treatment [ Figure 3 ].
PSMA PET was also able to detect skeletal metastases efficiency, which correlated with high PSA levels [ Figure 4 ].
DISCUSSION
As the life expectancy in Australia increases, the prevalence of prostate cancer continues to rise. At the end of 2012, there were 191,896 males living who had been diagnosed with prostate cancer in the previous 29 years (from 1982 to 2012). [1] The definition of a biochemical recurrence by the American Association of Urology is detectable or rising PSA value after surgery that is ≥0.2 ng/ml with a second confirmatory level ≥0.2 ng/ml, while the European Association of Urology guidelines define biochemical recurrence after radical prostatectomy as an increase in the serum PSA value above 0.2 ng/ml and over a threshold of 2 ng/ml above the nadir value after radiation therapy.
There have been several studies which have shown that 68 Ga-PSMA PET/CT imaging is superior to conventional imaging in the detection of recurrence of prostate cancer. [10] [11] [12] [13] This is mainly because other forms of imaging such as CT or MRI is primarily focused on morphological information of surrounding structures and in particular the size of regional lymph nodes in the determination of presumptive malignant involvement. Even when compared to other PET tracers such as 18 F-fluoromethylcholine, there was a higher detection rate with 68 Ga-PSMA PET/CT, as choline metabolism is not increased in a considerable number of cases in prostate cancer [17] and because PSMA appears particularly to be overexpressed in prostate cancer metastases. [18] The advantage of 68 Ga-PSMA PET/CT compared to diagnostic CT is its ability to detect prostate cancer recurrence with low PSA level. [19] As a molecular imaging technique, it can detect PSMA avidity at sites of locoregional and more distant lymph node involvement, whether these nodes are enlarged or not. [20] Prostate cancer most often metastasizes to pelvic lymph nodes, but as has been now appreciated with Ga-PSMA, PET/CT may often be present in more distant nodal stations. [21, 22] 68 Ga-PSMA PET/CT has also been shown to be superior to standard techniques such as bone scintigraphy at sites of osseous involvement in the restaging of relapsed prostate cancer. [23] Often small-volume nodal metastasis is the reason for a small rise of PSA from a nadir postdefinitive treatment. This new imaging technique thus raises the possibility of potential early intervention with curative intent, i.e., patients with rising PSA levels will be able to get treatment at low PSA levels and at an earlier stage in their relapsed disease. [14] This requires further inquiry, but early intervention may lead to improvements in long-term outcome and possibly survival. This has been shown in previous radiotherapy studies whereby the 6-year progression-free survival in patients undergoing salvage radiotherapy ranged between 18% and 48% depending on their PSA levels prior to salvage treatment. [24] There is a potential for false positives being reported in 68 Ga-PSMA PET/CT, [25, 26] and this is because PSMA receptors are also expressed in newly formed blood vessels and in some solid tumors such as renal cell carcinoma and glioblastoma also having overexpression of PSMA. It is often recommended that PSMA-avid lesions which are suspicious and not fitting into the clinical context be further evaluated.
This study found that 68 Ga-PSMA PET/CT is a useful tool in the detection of recurrence prostate cancer, especially when PSA levels were >1.5 µg/L, where the detection rate was 92% in patients with a rising PSA postdefinitive therapy. However, with the high prevalence of patients with prostate cancer in the community, this scan's limitation is detecting relapsed prostate cancer in patients with low PSA levels (<0.5 µg/L) and thus may not be as cost-effective as an imaging test as compared with someone with a higher PSA level.
There has been a recent published study comparing 68 Ga-PSMA-HBED-CC and 68 Ga-PSMA-I&T as diagnostic agents for prostate cancer [27] which found that 96% of the lesions were found to have concordant uptake of each of these agents on PET/CT. Studies which used PSMA-HBED-CC had increased lesion binding in 2 out of the 47 lesions identified, and both lesions were lymph nodes which were <4 mm that were not visualized with PSMA-I&T. The inability to identify small nodal lesions could be a potential limitation of 68 Ga-PSMA-I&T compared to 68 Ga-PSMA-HBED-CC in restaging patients with a rising PSA. There has also been published data on a second-generation PSMA-targeted PET radiotracer for detection of metastatic prostate cancer, namely 18 F-PSMA-DCFPyL, which can provide a high image quality and visualize small prostate lesions with excellent sensitivity. [28, 29] The advantage of using 68 Ga-PSMA-I&T however is that it can be bound to both 68 Ga and 177 Lu, and can be used in a theranostic setting.
Only 25% (11/44) of patients had avid scans at PSA levels <0.5 ug/L, with the lowest PSA being measured at 0.34 µg/L. Although this highlights the limited utility of using GA-PSMA PET/CT in patients with very low PSA levels, the sensitivity of this test in this series was greater than diagnostic CT, and 68 Ga-PSMA PET/CT is still the investigation of choice when patients are being considered for salvage treatment when there is concern of a relapse of their prostate cancer. [19] Not all our patients from this study had accessibility to a whole-body bone scan, which in itself is of limited value in staging of patients with prostate cancer. [ 
30] 68
Ga-PSMA PET/CT has also been shown to be superior and more sensitive than standard bone scintigraphy in the detection of skeletal metastasis in patients with prostate cancer. [23] Of particular note in our study, the relapsed prostate cancer was detected in almost 40% (39/102) of patients solely by 68 Ga-PSMA PET/CT when compared to diagnostic CT. This finding is significant as again it demonstrates the superiority of 68 Ga-PSMA PET/CT when prostate cancer recurrence is suspected. The smallest detectable lymph node using Ga-PSMA PET/CT was 5 mm in size (PSA level for the patient being 0.5 µg/L). This highlights the increased sensitivity compared with CT, which bases pathology predominantly on size criteria. The increased sensitivity and specificity of GAPSMA is also now been shown to improve diagnostic accuracy in primary staging by our group [31] and others. [32] This may alter the treatment paradigm and may improve results of primary therapeutic strategies though this has yet to be proven. Whether more accurate staging upfront will lead to lower rates of relapse/recurrence in the future needs to be proven. There has already been a published study on the impact of 68 Ga-PSMA PET/CT in not only detecting suspected biochemical relapse but also influencing the planned clinical management in these patients. [15] CONCLUSION In our study of 150 patients with biochemical recurrence of prostate cancer, 68 Ga-PSMA PET/CT demonstrated a superior detection rate (P < 0.05) compared to diagnostic CT, including patients with low PSA levels (<0.5 µg/L). The limitations of this study include it being a retrospective analysis and not a randomized controlled study. This study also had a small cohort of patients which often results in a relatively low statistical powered study.
The study however compares favorably with other studies when looking at detection rates for biochemical recurrence of prostate cancer and was undertaken to try and reciprocate the detection rates of 68 Ga-PSMA PET/CT in a private health setting, in which to our knowledge, is one of the largest single private institution studies in Australia for patients with suspected biochemical relapse.
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